How the abundant pelagic life of the Southern Ocean survives winter darkness, when the sea is covered by pack ice and phytoplankton production is nearly zero, is poorly understood. Ice-associated ("sympagic") microalgae could serve as a highquality carbon source during winter, but their significance in the food web is so far unquantified. To better understand the importance of ice algae-produced carbon for the overwintering of Antarctic organisms, we investigated fatty acid (FA) and stable isotope compositions of 10 zooplankton species, and their potential sympagic and pelagic carbon sources. FA-specific carbon stable isotope compositions were used in stable isotope mixing models to quantify the contribution of ice algae-produced carbon (α Ice ) to the body carbon of each species. Mean α Ice estimates ranged from 4% to 67%, with large variations between species and depending on the FA used for the modelling. Integrating the α Ice estimates from all models, the sympagic amphipod Eusirus laticarpus was the most dependent on ice algal carbon (α Ice : 54%-67%), and the salp Salpa thompsoni showed the least dependency on ice algal carbon (α Ice : 8%-40%). Differences in α Ice estimates between FAs associated with short-term vs. longterm lipid pools suggested an increasing importance of ice algal carbon for many species as the winter season progressed. In the abundant winter-active copepod Calanus propinquus, mean α Ice reached more than 50% in late winter. The trophic carbon flux from ice algae into this copepod was between 3 and 5 mg C m −2 day −1 .
| INTRODUCTION
In the Southern Ocean, ice-associated ("sympagic") primary production is assumed to provide carbon to the food web when pelagic productivity is near-zero during winter (Lizotte, 2001; McMinn et al., 2010; Smith & Sakshaug, 1990) . Due to the high spatial and temporal variability in sea ice algal production, however, the importance of carbon synthesized by sea-ice algae and transferred to the food web has been difficult to quantify (Arrigo, Worthen, Lizotte, Dixon, & Dieckmann, 1997) . Apart from sympagic microalgae, in-ice or underice fauna, for example protozoans or small copepods, can serve as carbon sources for predatory species dwelling underneath the sea ice (Daly, 1990; Schmidt, Atkinson, Pond, & Ireland, 2014) . These organisms can transfer both ice algae-produced and phytoplanktonproduced carbon from their storage lipids to the pelagic food web.
Particularly during winter, changes in sea ice extent and properties are critical for growth and production of ice-associated biota, which subsequently affects upper trophic levels (Clarke et al., 2007; Ducklow et al., 2007; Smith et al., 1999) . Climate change-induced alterations of the sea ice habitat might not only have severe consequences for the sympagic ecosystem, but may also have a strong impact on the pelagic food web, due to the close connectivity between sea ice, pelagic and benthic systems Flores et al., 2011; Jia, Swadling, Meiners, Kawaguchi, & Virtue, 2016; . Hence, it is critical to understand the extent to which the food web depends on sea ice algal production in order to predict future alterations in food web dynamics, and the subsequent effect on upper trophic levels.
Primary production in the Southern Ocean shows extreme seasonal variability, resulting in short-term food pulses. Hence, timing of feeding and reproduction is a critical factor for Antarctic organisms.
They have adapted differently to prevailing environmental conditions during winter. To overcome insufficient primary production in the water column during winter, some species, such as the euphausiid Thysanoessa macrura, accumulate large lipid reserves in the form of wax esters and/or triacylglycerols (Hagen, Kattner, & Graeve, 1993; Lee, Hagen, & Kattner, 2006) . Of particular interest are young Antarctic krill Euphausia superba ("krill"), which occur in large abundances at the sea ice-water interface, and can rely heavily on sea ice-associated carbon sources during winter Schaafsma et al., 2017) , although this dependence can vary by sea ice type (Meyer et al., 2017) . Various copepod species are known to undergo diapause, migrating into deeper water layers during winter (Voronina, 1972) , after accumulating lipids from the summer phytoplankton blooms (Lee, Hirota, & Barnett, 1971) . In contrast, the copepod Calanus propinquus is described as a winter-active species (Hagen & Auel, 2001; Marin, 1988; Schnack-Schiel, Hagen, & Mizdalski, 1991) .
There are different types of trophic markers that can be used to identify sources of carbon in grazers and predators. Certain fatty acids (FAs) show higher abundances in particular algal groups, such as the FAs 16:1n-7 and 20:5n-3 for diatoms, and 18:4n-3 and 22:6n-3 for dinoflagellates (Dalsgaard, St. John, Kattner, Müller-Navarra, & Hagen, 2003 and references therein) . In addition, the natural distribution of these marker FAs can be used for the differentiation of the contribution of different algal communities to the carbon budget of marine animals. Because these marker FAs are not subject to metabolic transformation, they can be used to trace carbon sources in consumers (Dalsgaard et al., 2003 and references therein) . The FAs 16:1n-7 and 18:4n-3 are predominantly incorporated into storage lipids to provide energy reserves. Conversely, the polyunsaturated FAs 20:5n-3 and 22:6n-3 are mainly incorporated into membrane lipids. Due to their different turnover rates, the trophic information from the storage-associated FAs is likely to reflect the recent carbon source composition, in contrast to the more conserved membrane-associated FAs, which reflect carbon source preferences accumulated over longer time periods (Jobling, 2004; Perhar, Arhonditsis, & Brett, 2012; Stübing, Hagen, & Schmidt, 2003; Taipale, Kainz, & Brett, 2011) . In particular, the FA 18:4n-3 was characterized as a valuable short-term trophic marker fatty acid, because this FA was found to be metabolized in a short time period when not replenished by dietary sources (Stübing et al., 2003) .
Alternatively or in addition to fatty acids, analyses of the natural abundance of stable isotopes have frequently been used to characterize predator-prey relationships in the marine environment (Hodum & Hobson, 2000; Jia et al., 2016; Kohlbach et al., 2016; Søreide, Hop, Carroll, Falk-Petersen, & Hegseth, 2006) . The distribution of carbon stable isotopes (δ 13 C: 13 C/ 12 C) in fatty acids using
Compound-specific Stable Isotope Analysis (CSIA) allows for the determination of the original carbon source in the consumer. CSIA of marker FAs represents a further development of the less specific analyses of the organic carbon compounds in bulk material, enabling the investigation of individual molecules (Ko, Yang, Kim, & Ju, 2016; Søreide et al., 2013) . It has been applied frequently in more recent marine food web studies (Budge et al., 2008; Kohlbach et al., 2016; Wang et al., 2016) . As a result of a restricted CO 2 availability in the sea ice system compared to the open water, biogenic compounds produced by ice algae are often found to be enriched in 13 C compared to carbon compounds produced by pelagic phytoplankton (Fry & Sherr, 1984; Hecky & Hesslein, 1995; Jia et al., 2016 ). δ
13
C values in ice-associated particulate organic matter (POM) from the Weddell Sea have been found to range from −16% to −28‰, and δ
C values in pelagic POM usually range from −25% to −31‰, with interannual, seasonal and regional differences (Rau, Sullivan, & Gordon, 1991) . This isotopic difference is transferred conservatively from producers to consumers and thus constitutes a valuable tool when the potential producer communities are taxonomically diverse. For example, a diatom-associated FA can either originate from sea ice diatoms or from diatoms in the water column, and thus, carbon source preferences of a given consumer are difficult to identify based on the composition of marker FAs alone (Kohlbach et al., 2016) . The trophic signal from fatty acid and stable isotope compositions can then be used to differentiate marker fatty acids according to their origin from ice algae vs. phytoplankton.
The isotopic signal is integrated over days to months (Alonzo, Virtue, Nicol, & Nichols, 2005; Fry & Arnold, 1982) and therefore gives insights into diet and carbon sources from a longer time span compared to the snapshot characterization of stomach content analyses.
Here, we investigate carbon sources of abundant zooplankton species from the sea ice-water interface (= under-ice community) during winter/onset of spring in the Weddell-Scotia Confluence
Zone based on lipid and stable isotope data. From the distribution of marker FAs, we trace the dietary carbon from producers (diatoms and dinoflagellates) to consumers. We quantify the proportional contribution of ice algae-produced carbon α Ice vs. pelagicproduced carbon to the carbon budget of species sampled in the under-ice habitat. We hypothesize that ice algae-produced carbon gains importance for Antarctic organisms as winter progresses, because in late winter ice algae might represent the only food source abundant enough to balance their energy budget, as lipid reserves decline.
| MATERIALS AND METHODS

| Sample collection
Sampling was conducted during RV "Polarstern" expedition PS81
(August 14 to October 16, 2013) in the Weddell-Scotia Confluence Zone south of 50°S (Figure 1 ). Summarized station information is given in Table 1 . Additional information is provided in David et al. (2016) and Schaafsma et al. (2016) .
Ice-associated particulate organic matter was sampled as representative of the ice algae community by taking ice cores at two different ice camps ( Figure 1 , Table 1 ) with a 9 cm interior diameter ice corer (Kovacs Enterprises). The bottom 10 cm of ice cores was melted on board and between 1.0 and 1.5 L water from the melted ice cores were filtered via a vacuum pump through precombusted GF/F filters (Whatmann, 3 hr, 550°C). Pelagic particulate organic matter was collected as representative of the phytoplankton community at six sites by a carousel water sampler on a CTD probe (Conductivity, Temperature, Depth: Seabird SBE9+) ( Figure 1 , Table 1 ).
Depending on the biomass concentration, between 3 and 21 L water were filtered using precombusted GF/F filters. All filters were stored at −80°C. and Spongiobranchea australis (d'Orbigny, 1836) , the siphonophore Diphyes antarctica (Moser, 1925) and the salp Salpa thompsoni (Foxton, 1961) . Samples of Euphausia superba were analysed in a separate study focusing entirely on this key ecological species . Length measurements were conducted on T. macrura, C. propinquus and S. thompsoni (Supporting Information   Table S1 ). All zooplankton samples were immediately frozen at −80°C in precombusted and preweighted sample vials (Wheaton, 6 hr, 500°C). Analytical work took place at the Alfred Wegener Institute in Bremerhaven, Germany.
| Lipid class and fatty acid analyses
After freeze-drying filters and animals for 24 hr, total lipids were extracted with dichloromethane/methanol (2:1, v/v) using a modified procedure after Folch, Lees, and Sloane-Stanley (1957) . Dry masses of the organisms were determined gravimetrically (Supporting Information Table S1 ). Lipid classes of the under-ice community were determined directly from the lipid extracts via high-performance liquid chromatography (Supporting Information Table S2 ).
Fatty acids of ice algae, phytoplankton and the under-ice community were determined as fatty acid methyl esters (FAMEs) via gas chromatography, after transesterification with methanol (3% sul- Graeve, Kattner, & Piepenburg, 1997; Scott et al., 1999) , and the dinoflagellate-associated marker FAs 18:4n-3 and 22:6n-3 Viso & Marty, 1993) . Due to their different metabolic turnover rates, FAs 16:1n-7 and 18:4n-3 were considered as "short-term FAs" in storage lipids and FAs 20:5n-3 and 22:6n-3 were considered as "long-term FAs" in membrane lipids (Perhar et al., 2012; Stübing et al., 2003 corresponding FAME (Budge, Wang, Hollmén, & Wooller, 2011) . In a preparatory experiment for this study, however, we did not find significant differences between the free FA and the FAME (e.g., 16:0 FA: −28.56‰ ± 0.12‰, 16:0 FAME: −28.57‰ ± 0.16‰; C. Albers, unpublished data). Therefore, we did not correct for these potential differences.
All isotopic ratios were presented as parts per thousand (‰) in the delta notation (δ 13 C: 
| Data analysis
The δ 13 C values of ST F , LT D and LT F were used to calculate the proportional contribution of ice algae-produced carbon (α Ice ) to the body carbon of each species investigated from the under-ice community using Bayesian multisource stable isotope mixing models (SIAR; Parnell, Inger, Bearhop, & Jackson, 2010; Parnell et al., 2013) . In ST D , the δ 13 C values were similar in POM samples from both sea ice and water column, and higher than in all investigated animal species. This suggests that ST D signals from the phytoplankton samples probably stemmed from ice algae released into the water column, indicated by the negligible contribution to the fatty acid pool of phytoplankton (Table 2) . Therefore, this FA was not used for the modelling of α Ice.
The SIAR models incorporate the isotopic information of the consumers and the isotope values of ice algae and phytoplankton as representative carbon sources (end member sources). SIAR models can account for trophic enrichment factors, considering species-specific turnover rates in the consumers. Species-specific trophic enrichment factors of carbon in these FAs are unknown and were thus assumed to be zero (Budge et al., 2011; Wang et al., 2015) .
During the same expedition, the age class 0 Antarctic krill population showed four geographically distinct station groups with similar length and developmental stage distribution (group 1: stations F I G U R E 1 Map of the sampling area during RV "Polarstern" expedition PS81 in the Weddell-Scotia Confluence Zone modified after . Station information for individual sampling sites is given in Table 1 549 and 555, group 2a: stations 557, 560 and 562, group 2b: stations 571, 577 and 579, group 3: stations 565, 566 and 567; Figure 1 , Table 1 , Schaafsma et al., 2016) . Based on this geographical separation, the spatio-temporal variability in the utilization of ice algal carbon by krill throughout the sampling area was assessed in . Sea ice drift data suggested a different origin and drift history of the sea ice sampled at the two ice camps ( Figure 1 , Table 1 ), which was supported by fundamental differences in fatty acid and stable isotope compositions of ice algae between the two ice camps the data. All data analyses were conducted using software "R" version 3.2.3 (R Core Team, 2015) .
| RESULTS
| Ice algae and phytoplankton
In the ice algae samples, the sum of the diatom-associated marker FAs ST D and LT D (mean 34%) was almost three times as high as the sum of the same marker FAs in the phytoplankton samples (mean 12%) (Table 2 ). In contrast, the sum of the dinoflagellate-associated marker FAs ST F and LT F was almost twice as high in phytoplankton (mean 10%)
vs. ice algae (mean 6%). In the ice algae samples, the ratios of ST D /ST F (mean 10) and LT D /LT F (mean 5) suggested a dominance of diatoms vs.
dinoflagellates. Mean ratios of ST D /ST F and LT D /LT F were~1 in phytoplankton, suggesting a rather mixed taxonomic composition of diatoms and dinoflagellates in the pelagic algal community (Table 2 ).
Ice algae from ice camp 1 revealed significantly lower proportions of ST D and LT F than ice algae from ice camp 2 (Table 3) . Conversely, LT D was found in significantly higher relative abundance in ice algae from ice camp 1 vs. ice algae from ice camp 2. The mean proportions of ST F were similar for both ice camps (Table 3 ). The spatio-temporal variability in phytoplankton FA compositions was insignificant.
The δ 13 C values were significantly higher in the ice algae samples relative to the phytoplankton samples in all marker FAs (p < 0.05).
The mean isotopic difference between ice algae and phytoplankton ranged between 5‰ in ST D and 14‰ in ST F (Table 4) .
Between the two ice camps, the δ
13
C values in ST D and LT F were significantly higher in the ice algae samples from ice camp 2 vs. ice camp 1 (Table 5) . Only for ST D δ 13 C values (dependent variable), the two-way ANOVA indicated an interaction between the two carbon sources (ice algae and phytoplankton) and the ice camps (p < 0.05). There was no spatio-temporal variability in phytoplankton FA-specific δ 13 C values.
| Under-ice community
| Marker fatty acid compositions
In most species, the proportional sum of the diatom-associated marker FAs exceeded the sum of the dinoflagellate-associated FAs, except for S. thompsoni (Table 6 ). In general, LT D and LT F were the most abundant marker FAs, with mean relative contributions ranging from 12% (C. propinquus) to 26% (C. pyramidata) of LT D , and from 10% (C. antarctica) to 33% (S. thompsoni) of LT F (Table 6 ). The mean proportions of ST D were below 10% in all species, except for C. antarctica (16%). The relative abundance of ST F was rather marginal in all species (mean < 5%). There was no spatially distinct difference in the marker fatty acid profiles of the investigated species in this study between station group 3 and the other three station groups (Supporting Information Figure S1 ).
The ratio of ST D /ST F indicated a dominance of diatom-produced vs. dinoflagellate-produced carbon sources for all species, except for S. thompsoni (Figure 2 , Supporting Information Table S3 ). The ratio of LT D /LT F suggested rather mixed carbon sources for most species, with the highest impact of diatom-associated FAs in C. pyramidata and the highest contribution of dinoflagellate-produced carbon in S. thompsoni.
The ratio of the diatom-associated FA vs. dinoflagellate-associated FA was higher in short-term than in long-term lipids in all species, except for S. thompsoni (Figure 2 , Supporting Information Table S3 ).
| Stable isotope compositions
The range of the fatty acid-specific mean δ (Table 7) . In most species, LT F showed the highest δ 13 C values and ST F the lowest δ 13 C values. In all four marker FAs, E. laticarpus had the highest δ 13 C values, closely followed by E. microps. Overall, the lowest δ 13 C values were found in T. macrura and S. thompsoni (Table 7) . In all other species, the ranking of the (Table 7) . In all species, the variability in the stable isotope values between the station groups was low (Supporting Information Table S4 ).
| Proportional contribution of ice algaeproduced carbon
In the computation of the proportional contribution of ice algae-pro- (Figure 3 ).
Pairwise comparison of α Ice values between the short-term and the long-term dinoflagellate-associated FAs showed that in all species the mean dependency on ice algae-produced carbon was significantly lower on longer time scales than during the sampling period (ANOVA, n = 27, F 2,24 = 11.1, p < 0.001). This difference was particularly extreme in C. propinquus (long-term: 10%; short-term: 52%).
Only E. laticarpus had elevated mean α Ice estimates based on all three fatty acids (54% to 67%) (Figure 3 ).
In all species except for E. laticarpus, the mean α Ice estimates were the highest based on ST F , ranging from 40% (S. thompsoni) to 61% (E. laticarpus) around the time of our sampling ( Figure 3 ). Based on LT D , mean α Ice values ranged from 4% (C. antarctica) to 67% (E. laticarpus), and based on LT F , mean α Ice estimates were between 4% in T. macrura and 54% in E. laticarpus (Figure 3 ). In all species except for E. laticarpus, long-term α Ice estimates were not higher than 30%. In
C. propinquus, C. antarctica, D. antarctica and S. thompsoni, α Ice values
T A B L E 6 Proportions of marker fatty acids in the species of the under-ice community (mean ± 1 SD mass % of total fatty acids) Clio pyramidata 2 Adult 4.6 ± 2.0 25.6 ± 1.9 3.6 ± 4.0 17.8 ± 3.5
Spongiobranchea australis 3 Adult 4.7 ± 0.4 19.3 ± 3.4 0.4 ± 0.4 24.8 ± 3.3
Diphyes antarctica 6 Zooid 6.9 ± 3.4 13.2 ± 0.9 0.8 ± 0.5 20.1 ± 1.4
Salpa thompsoni 4 Solitary 2.5 ± 1.0 20.6 ± 1.7 4.9 ± 1.9 32.5 ± 3.8
F I G U R E 2 Ratios of diatom-associated vs. dinoflagellate-associated marker fatty acids (FAs) in the species of the under-ice community (mean ± 1 SD).
The ratio of ST D (FA 1 ) and ST F (FA 2 ) was labelled with "S." The ratio of LT D (FA 1 ) and LT F (FA 2 ) was labelled with "L." The dashed line marks a ratio of 1, representing equal proportions of diatom-associated FA and dinoflagellate-associated FA in short-and long-term lipid pools, respectively. Sample size is shown in Table 6 ranged at or below 15% in both long-term marker Clione antarctica 4 −34.7 ± 1.3 −36.9 ± 1.0 −37.7 ± 2.4 −33.1 ± 1.2
Clio pyramidata 2 −38.0 ± 2.5 −34.6 ± 1.1 −37.4 ± 0.2 −31.9 ± 1.8
Spongiobranchea australis 3 −36.4 ± 3.9 −34.2 ± 1.1 -−32.1 ± 0.4
Diphyes antarctica 6 −33.6 ± 1.2 −34.9 ± 0.8 -−33.9 ± 0.5
Salpa thompsoni 4 −38.4 ± 2.0 −35.7 ± 0.9 −39.7 ± 0.6 −32.7 ± 0.7
Notes. Not detected FAs marked as "-".
T A B L E 7 Fatty acid-specific carbon stable isotope values (δ 13 C) in the species of the under-ice community (mean ± 1 SD ‰) F I G U R E 3 Mean proportional contributions of ice algae-produced carbon α Ice vs. carbon produced by phytoplankton to the carbon budget of the species of the under-ice community, based on the dinoflagellate-associated short-term fatty acid (FA) ST F , the diatom-associated longterm FA LT D and the dinoflagellate-associated long-term FA LT F . nd = not determined. Sample size is shown in Table 7 S. thompsoni were distinctly lower (4% to 14%) based on LT D and LT F .
Conversely, ST F suggested considerably higher mean α Ice values for
C. propinquus and S. thompsoni (40%-52%).
| DISCUSSION
| Contribution of ice algae-produced carbon to the overwintering of the under-ice community
Based on the long-term FAs LT D and LT F , all of our 10 investigated species, except for E. laticarpus, suggested a low or moderate trophic dependency on ice algae-produced carbon (Figure 3) . A more pelagic diet in the more distant past was supported by lower diatom/dinoflagellate fatty acid ratios of LT D /LT F in the long-term lipid pool compared to the short-term lipid pool (Figure 2) , assuming a higher abundance of dinoflagellates in the water column vs. sea ice (Table 2 ; Buck & Garrison, 1983; Garrison, Buck, & Gowing, 1991) . Conversely, the α Ice estimates of the proportional contribution of ice algae-produced carbon from ST F indicated a remarkable increase in the utilization of sympagic food sources during our sampling period in all seven species in which this FA could be measured, which was in agreement with higher proportions of diatom-associated vs.
dinoflagellate-associated FAs in the short-term vs. the long-term lipid pool in all species, except for S. thompsoni (Figure 2) . Hence, during the more recent period, on average between 40% ± 21% and 61% ± 23% of the carbon demand of at least 7 of our 10 investigated species was covered by ice algae production (Figure 3 ). For most of our investigated species, previous observational data suggested an association with sea ice-related food sources during winter (Flores et al., 2011; Hopkins, Lancraft, Torres, & Donnelly, 1993; Krapp, Berge, Flores, Gulliksen, & Werner, 2008 ). Yet, our data are the first to quantify the importance of ice algal carbon to these species. Phytoplankton blooms during late summer and autumn allow for sufficient feeding and accumulation of lipid reserves for species that undergo dormancy during winter or live on their energy reserves, such as the copepod Calanus acutus (Schnack-Schiel et al., 1991) or the euphausiid T. macrura (Hagen & Kattner, 1998) . Most of our investigated species are opportunistic feeders, with the ability to utilize carbon of different origin, such as T. macrura (Falk-Petersen, Hagen, Kattner, Clarke, & Sargent, 2000) , C. propinquus (Pasternak & Schnack-Schiel, 2001 ) and amphipods (Torres et al., 1994) .
This supports the assumption that they can switch carbon sources, reflecting ambient food concentrations and possibly food quality of the different prey items during different periods of the year. However, the importance of sea ice biota to the Weddell Sea food web during winter becomes critical for species that need to feed continuously for successful growth. Similar to Antarctic krill, these species may receive ice algae-derived carbon by predation on mobile heterotrophs, or detritus, rather than by directly grazing of ice algae (Meyer et al., 2009 (Meyer et al., , 2017 Schaafsma et al., 2017) .
For E. laticarpus, a close connectivity with sea ice has been frequently observed. For example, Krapp et al. (2008) reported the presence of eusirid amphipods under the pack ice of the Weddell Sea and the Lazarev Sea, and suggested that the underside of Antarctic pack ice might serve as a habitat for certain eusirids. Flores (2009) proposed a cryo-pelagic life cycle for this species. Because of the relatively large size and nearly ubiquitous presence of E. laticarpus, and the consistently high contribution of ice algal carbon to its body carbon from all three stable isotope models (54% ± 9% to 67% ± 11% of body carbon), this species may be important for the energy transfer between the sympagic and pelagic food web, both during our sampling and also in the weeks and months preceding sampling, in spite of generally low abundances Flores et al., 2011) . For Eusirus microps, a switch from a pelagic to a sympagic lifestyle in association with the availability of sea ice was suggested by Krapp et al. (2008) , based on lower pelagic catch numbers under sea ice compared to higher numbers in ice-free situations reported by Fisher, Kaufmann, and Smith (2004) . This observation is in agreement with our results. As proposed by Torres et al. (1994) , metabolic rates in gammarid amphipods are not decreased during winter. In contrast, the overwintering strategy of hyperiid amphipods, such as C. lucasii, includes the decrease in their metabolic rates and combustion of energy reserves (Torres et al., 1994) . These differences might explain the lower proportions of storage lipids (Supporting Information Table S2 A strongly sea ice-related lifestyle has been previously described for the calanoid copepods Stephos longipes (Schnack-Schiel et al., 1995) and Paralabidocera antarctica (Tanimura, Hoshiai, & Fukuchi, 1996) . The true interaction of the calanoid copepod C. propinquus with the sea ice was, however, still unclear. It is assumed that a portion of the C. propinquus population remains in surface waters throughout the year to feed actively under the sea ice during winter, on ice algae, detritus or metazoans associated with the sea ice (Bathmann, Makarov, Spiridonov, & Rohardt, 1993; Hopkins & Torres, 1989; Kattner et al., 1994; Schnack-Schiel et al., 1991) . The results from our study confirm that up to about 50% of their dietary carbon may have been received from sea ice-associated sources during late winter. The omnipresence and high abundance of C. propinquus (David, 2015) indicate that their role as a carbon transmitter from sea ice into the pelagic system is likely significant. Based on our α Ice estimates from ST F , pteropods are able to draw on sea ice-associated carbon sources when the pelagic environment is depleted during winter. A certain sea ice association of C. antarctica was suggested from relatively high densities under the sea ice and a shift in vertical distribution towards shallower depths during winter (Flores et al., 2011 (Flores et al., , 2014 . As carnivores, C. antarctica probably follow their prey, the pteropod Limacina helicina, in its attempt to collect organic matter released from sea ice Flores et al., 2011) .
Salps are believed to be more successful in habitats with lower sea ice concentrations and higher water temperatures (Loeb & Santora, 2012; Murphy et al., 2007; Perissinotto & Pakhomov, 1998b; Smith et al., 1999) . The lower α Ice estimates (8% ± 6% to 40% ± 20%) in combination with the lowest ST D /ST F ratio for S. thompsoni support the notion of a low trophic dependency on sea ice-related food sources. Salps are described as indiscriminate filter feeders, ingesting particles ranging from 2 µm to 1 mm that can be retained by their mucus net (living and detrital, e.g., bacteria, flagellates, diatoms, pteropods) (Bone, Carre, & Chang, 2003; Kremer & Madin, 1992; Phillips, Kremer, & Madin, 2009; Vargas & Madin, 2004) . It has been suggested, however, that large diatoms cannot be retained efficiently by salps (Vargas & Madin, 2004) . This could partly explain the comparably larger importance of dinoflagellatederived FAs.
The lack of stable isotope data of ST F in T. macrura, S. australis and D. antarctica hindered the quantification of ice algae-produced carbon to their short-term carbon pool. Based on the considerably higher proportion of the diatom-associated FA vs. the dinoflagellateassociated FA in the short-term vs. the long-term lipid pool in all three species, a similar increase in the trophic dependency of ice algae-carbon during the progressing winter season as found for the other seven species might be assumed. This might particularly apply for the siphonophore D. antarctica, which was reported to shift its vertical distribution towards the surface in winter (Flores et al., 2014) . T. macrura stays at greater depths during winter (Flores et al., 2014) . However, observations of T. macrura underneath sea ice of the closed pack-ice zone in the northern Weddell Sea point to an at least temporary association with the sympagic food web (Donnelly, Sutton, & Torres, 2006; Kaufmann et al., 1995; Siegel, Skibowski, & Harm, 1992; and this report) . During our sampling period, numbers of T. macrura in the upper two metres of the water column under ice were low , which was in agreement with their deep-dwelling mode of life during winter. In more detailed studies of Euphausia superba, Schaafsma et al. (2017) demonstrated increasing utilization of ice-related food source during winter, suggesting a proportional contribution of ice algal carbon of up to two thirds of their energy budget in young developmental stages. Unlike E. superba, T. macrura stores large amounts of wax esters (Supporting Information Table S2) for energy supply during food-limited periods (Lee et al., 2006) and is therefore probably not as dependent on winter-feeding as young Antarctic krill.
| Ecological implications for the Antarctic food web
Compared to the Arctic Ocean, the Southern Ocean responds relatively slowly to climatic changes (IPCC Intergovernmental Panel on Climate Change, 2014). Overall, Antarctic sea ice extent has shown a slight increase (Comiso et al., 2017; Gagné, Gillett, & Fyfe, 2015; Turner, Hosking, Marshall, Phillips, & Bracegirdle, 2016) . Since 2014, however, the overall Antarctic winter sea ice extent has decreased steadily (www.meereisportal.de). Furthermore, satellite observations indicate a large regional variability (Stammerjohn, Massom, Rind, & Martinson, 2012; Turner et al., 2014) , and a regional reduction in sea ice can be masked by the overall increase and interannual variability (Turner et al., 2015) . Despite remaining uncertainties regarding the prediction of changes in Antarctic sea ice extent (Turner, Bracegirdle, Phillips, Marshall, & Hosking, 2013) , a more widespread sea ice decline in the upcoming decades is expected, particularly during winter and spring (Turner et al., 2014) . With projected higher ocean temperatures and decreasing sea ice extent in the future, the Weddell Sea sector is particularly vulnerable to environmental changes (Gille, 2002; IPCC Intergovernmental Panel on Climate Change, 2014; Olonscheck, Hofmann, Worm, & Schellnhuber, 2013; Turner et al., 2014) . Our sampling region in the northern Weddell Sea/Scotia Sea has experienced a shortening of the sea ice season of about 10 days/decade during the period from 1979 to 2006, and is predicted to be delayed by up to 40 days by the end of the century (Flores et al., 2012; Piñones & Fedorov, 2016) .
As a result of a shrinking sea ice cover and shortening of the sea ice season, sea ice primary production is expected to drop simultaneously. Arrigo and Thomas (2004) estimated that a 50% loss in sea ice cover could result in an 86% loss in annual sea ice primary production. This loss of primary produced carbon will not likely be buffered by pelagic productivity, although modelling studies regarding predictions on pelagic productivity yield inconsistent results. In our study region, water column Chlorophyll a and pigment concentra- Typically, ice algal Chlorophyll a concentrations are in the order of 2-4 mg/m 3 (Meiners et al., 2012) . During our study, they reached mean values of 22 and 12 mg/m 3 at ice camp 1 and ice camp 2, respectively (Meyer et al., 2017) . In a comprehensive model intercomparison, Piñones and Fedorov (2016) assumed that pelagic production in the Southern Ocean would rather decline than increase towards the year 2,100. Even in studies predicting increases in pelagic production, the phytoplankton surplus is likely too low to compensate the corresponding loss of ice algae (Arrigo & Thomas, 2004; Boyd, Lennartz, Glover, & Doney, 2015; Vancoppenolle et al., 2013) . Ongoing climatic changes might also benefit growth and survival of T. macrura, as a consequence of increasing pelagic primary productivity (Steinberg et al., 2015) and increasing water temperatures (Driscoll, Reiss, & Hentschel, 2015) .
Even small changes in low abundance species can contribute to profound consequences for the future Southern Ocean ecosystem and carbon fluxes (Henschke et al., 2016; McBride et al., 2014; Perissinotto & Pakhomov, 1998a; van Franeker, Bathmann, & Mathot, 1997 there is already ample evidence indicating that the effects of climate change on copepods will subsequently impact commercially important predatory species, such as cod (Beaugrand, Reid, Ibanez, Lindley, & Edwards, 2002) and pollock (Hunt et al., 2011) . A similar scenario is predicted for copepods in the Southern Ocean (Constable et al., 2014; Mackas & Beaugrand, 2010) .
In the Southern Ocean, potential decline in ice algae production, phenology and accessibility may impact on the vertical carbon transfer, because abundant species, such as C. propinquus and the pteropod C. antarctica can transport large amounts of carbon into deeper waters (Flores et al., 2014; Hunt et al., 2008) . The omnipresence and high abundance of C. propinquus in large parts of the Southern Ocean (Atkinson & Sinclair, 2000; Hunt & Hosie, 2006; Pakhomov & Froneman, 2004) indicate that their role as a carbon transmitter from sea ice into the pelagic system may be significant. In the Weddell Sea, measured carbon uptake of winter-feeding C. propinquus ranged between 0.012 and 0.021 mg C ind. −1 day −1 (Bathmann et al., 1993) . With a median areal abundance of more than 500 C. propinquus per m −2 integrated over the top 500 m of the water column (David, 2015) , the carbon uptake of the C. propinquus population from our study region ranged thus probably between 6.0 and 10.5 mg C m −2 day −1
. Assuming a contribution of 50% from sea ice algae to this trophic carbon flux results in approximately 3.0 to 5.3 mg C m −2 day −1 being transferred from sea ice biota into the pelagic copepod C. propinquus in late winter. For larval Antarctic krill, we estimated an individual uptake of ice algae-produced carbon of 0.016 mg C ind −1 day −1 in our study region . At an abundance of 14 ind. m −2 integrated over the top 500 m of the water column , the uptake of ice algae-produced carbon by larval krill was about 0.2 mg C m . The true feeding rates of krill larvae during our study may have been even lower, as suggested by Meyer et al. (2017) , albeit neglecting the large contribution of heterotrophic prey to the krill diet .
Regardless of these uncertainties, our calculations indicate that the contribution of C. propinquus alone to the cryo-pelagic carbon flux could be in a similar order of magnitude or possibly considerably higher than the contribution of the ice-associated krill larvae. A krillcentred perspective on the role of ice algae in the Antarctic sea ice ecosystem during winter could thus lead to a significant under-estimation of the importance of trophic carbon transmission between the sea ice and the pelagic food web. Using the zooplankton-coupled trophic pathway, ice algae-produced carbon can reach deep into pelagic food chains, where zooplankton are preyed on by myctophids, squid and other predators, or may contribute to the microbial loop and the biological carbon pump in the form of exuviae, faecal pellets, excreted as dissolved organic carbon (DOC) and respired as dissolved inorganic carbon (DIC) at various depths in the water column. This means that the fate of ice algae-produced carbon during winter would be an important parameter to consider in models aiming to predict the sensitivity or the resilience of Antarctic ecosystems to climate change.
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